Chlamydia trachomatis is an obligate intracellular bacterial pathogen that infects hundreds of millions of individuals globally, causing blinding trachoma and sexually transmitted disease. More effective chlamydial control measures are needed, but progress toward this end has been severely hampered by the lack of a tenable chlamydial genetic system. Here, we describe a reversegenetic approach to create isogenic C. trachomatis mutants. C. trachomatis was subjected to low-level ethyl methanesulfonate mutagenesis to generate chlamydiae that contained less then one mutation per genome. Mutagenized organisms were expanded in small subpopulations that were screened for mutations by digesting denatured and reannealed PCR amplicons of the target gene with the mismatch specific endonuclease CEL I. Subpopulations with mutations were then sequenced for the target region and plaque-cloned if the desired mutation was detected. We demonstrate the utility of this approach by isolating a tryptophan synthase gene (trpB) null mutant that was otherwise isogenic to its parental clone as shown by de novo genome sequencing. The mutant was incapable of avoiding the anti-microbial effect of IFN-γ-induced tryptophan starvation. The ability to genetically manipulate chlamydiae is a major advancement that will enhance our understanding of chlamydial pathogenesis and accelerate the development of new anti-chlamydial therapeutic control measures. Additionally, this strategy could be applied to other medically important bacterial pathogens with no or difficult genetic systems.
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genetics | mutation screen O ur understanding of microbial virulence, and hence our ability to develop effective medical therapies and prophylactic vaccines, has been guided by genetics. Chlamydiae are obligate intracellular bacteria that are important human and animal pathogens (1), but they lack systems for genetic manipulation. Chlamydia trachomatis, a strict human pathogen, is the etiological agent of blinding trachoma and sexually transmitted infections, which afflict hundreds of millions of people globally (1-3). The major impasse in the study of chlamydial pathogenesis is the lack of practical genetic tools. The development of genetic systems has been hampered by the organism's obligate intracellular lifestyle and complex biphasic developmental biology (4). C. trachomatis genomes are amenable to manipulation as shown by naturally occurring recombination (5) and by the moderate frequency of in vitro lateral gene transfer (6, 7) . Chlamydiae have also been successfully transformed to antibiotic resistance by electroporation, but transformants either were unstable or successful transformation was limited to replacing the 16S rRNA with its antibiotic-resistant allele (8, 9) . Thus, these advancements have not led to the development of practical methods for genetic manipulation.
We describe and demonstrate the utility of a reverse-genetic strategy for use in chlamydiae based on an approach used extensively in plant genetics called targeting-induced local lesions in genomes (TILLING) (10) . TILLING combines high-density point mutations induced by standard chemical mutagenesis with a sensitive DNA screening technique that identifies SNPs in the target gene. In this study, we used low-level ethyl methanesulfonate (EMS) mutagenesis in combination with CEL I digestion, one of the most popular mutation detection assays in TILLING projects (11) . As proof of principle, we isolated and characterized an isogenic C. trachomatis trpB nonsense mutant.
Results and Discussion
Mutagenesis of C. trachomatis. EMS was used as a mutagen because it primarily introduces C-G to T-A transition mutations (12) capable of generating nonsense mutations, and mutational rates can be estimated by determining the frequency of rifampicin-resistant (Rif R ) mutants. Thus, frequency of Rif R was used as a proxy for overall frequency of transition events. Total and Rif R chlamydiae generated in cells infected with EMS-treated C. trachomatis serovar D (CTD) were titered by parallel plaque assay performed in the presence or absence of rifampicin (Fig.  1) . A direct relationship between concentration of EMS and Rif R frequency was observed up to 4 mg/mL EMS. Because the goal of our study was to generate isogenic C. trachomatis mutants, the desired mutation frequency was one mutation per genome. The C. trachomatis genome contains ∼4.3 × 10 5 C-G base pairs, and transitions of five of these C-G pairs can yield Rif R (6, (13) (14) (15) (16) (17) . Thus, we estimated that a Rif R frequency of (Table S1 ). This frequency fell between what we observed when C. trachomatis-infected cells were treated with 1.5 and 2 mg/mL EMS (Fig. 1B) . Mutagenesis was repeated on a larger population of infected cells by using 1.5 mg/mL EMS to produce sufficient numbers of mutants for generating a library. The measured Rif R frequency in this library was 5.2 × 10 , which corresponds to ∼0.5 mutations per chlamydial genome (Table S1 ).
Identification of trpBA Mutants. Mutagenized chlamydiae were expanded in monolayers of McCoy cells grown in 96-well tissueculture plates in subpopulations consisting of ∼10 organisms per well. The subpopulations were expanded by three sequential rounds of cell lysis and reinfection ( Fig. 2A) . The expanded subpopulations were divided, with one portion frozen at −80°C and the other used for genomic DNA preparation. A 1,900-bp fragment of the C. trachomatis trpBA operon was PCR-amplified from each subpopulation. PCR amplicons were heat-denatured, slowly reannealed, and digested with the mismatch-specific endonuclease CEL I (11). If multiple alleles are present in the PCR amplicons, these alleles form heteroduplexes during reannealing that are specifically cleaved by CEL I at positions of base-pair mismatching. Subpopulations containing trpBA mutants were identified by the appearance of these digestion products after agarose gel electrophoretic analysis. Fig. 2B depicts results of CEL I-digested PCR amplicons from 18 subpopulations; the presence of a trpBA mutant in the subpopulation analyzed in lane 7 is indicated by the appearance of two lower-mass DNA digestion products. PCR amplicons from this and other subpopulations yielding similar results were capillary-sequenced to confirm and identify the specific mutation. For example, in Fig.  2C , the small secondary peak in the chromatogram indicates that this subpopulation contained a mutant that had undergone a C to T transition mutation in base 532 of the trpB gene.
The size of the library that would need to be screened to identify a trpB or trpA nonsense mutant was estimated based on our original calculation of 0.5 mutations per genome. In the trpBA target region, transitions of 37 C or G nucleotides would result in nonsense mutations. Thus, we estimated that, within the trpBA target region, the nonsense mutant frequency would be approximately one nonsense mutation in 2. /0.5)/37]. We screened ∼2,800 subpopulations theoretically containing 2.8 × 10 4 mutagenized organisms. From this screen, we identified 24 subpopulations that contained trpBA mutants confirmed by capillary sequencing. These 24 mutations corresponded to 5 synonymous and 19 nonsynonymous changes (Fig. 2D) . One of the 19 nonsynonymous mutations was a nonsense mutation located at nucleotide position 991 in trpB. Notably, the mutation frequency observed from our library screening was similar to the 0.5 mutations per genome predicted by calculations based on Rif R frequency. The CTD trpB nonsense mutant (CTD trpB−) was isolated by two rounds of plaque cloning. The C to T transition at nucleotide 991 in trpB was reconfirmed by capillary sequencing (Fig. 3A) . The genomes of the mutant and the CTD parental strain were sequenced with the 454 FLX Titanium platform, and the genomic sequences were compared with the CTD/UW-3/CX reference sequence (18) . Twenty SNP mutations were identified relative to the reference sequence, 19 of which were conserved between the two strains (Table 1 ). Importantly, de novo genome sequencing revealed no additional mutations between CTD trpB− and the CTD parental strain, confirming that the CTD trpB− was a true isogenic mutant.
CTD trpB− Cannot Be Rescued by Indole. C. trachomatis strains are tryptophan auxotrophs. Paradoxically, genitotropic but not oculotropic strains have retained a functional trpBA operon (18) (19) (20) (21) . The trpBA operon is negatively regulated and expresses the TrpBA tryptophan synthase that uses exogenous indole as substrate to synthesize tryptophan and escape the anti-microbial effect of IFN-γ-mediated tryptophan starvation (20, 21) . We used these phenotypic and genetic markers of the trpBA operon to characterize the CTD trpB− mutant. Western blots using specific anti-TrpA and -TrpB antibodies were done with lysates of HeLa cells infected with CTD, CTD trpB−, and a C. trachomatis ocular strain A2497 (22) that has a frameshift mutation in trpA. As expected, the ocular strain A2497 expressed the 42-kDa TrpB but not the 26-kDa TrpA, whereas CTD expressed both polypeptides (Fig. 3B) . In contrast, lysates of CTD trpB− expressed TrpA but not full-length TrpB. A weakly immunoreactive polypeptide of 36 kDa was detected, likely representing the truncated form of TrpB. The infectivity of CTD trpB− under tryptophan starvation and indole rescue was assessed in HeLa 229 cells. Shown in Fig. 3C are immunofluorescent images of HeLa cells infected with CTD, CTD trpB−, and A2497 after IFN-γ treatment and supplementation of the culture medium with no tryptophan, tryptophan, or indole. Predictably, none of the strains grew in IFN-γ-treated tryptophan-starved cells, and all three strains produced large intracellular inclusions when the culture medium was supplemented with tryptophan. Only CTD growth and typical inclusion formation was rescued in IFN-γ-treated cells when the culture medium was supplemented with indole, the TrpBA synthase substrate. The quantity of infectious chlamydial progeny produced under the same experimental conditions is shown in Fig. 3D . When grown in the presence of tryptophan, all strains were highly infectious and generated large numbers of recoverable inclusion-forming units (IFU). In contrast, the infectivity of each strain was reduced by 4.5-5 log 10 in the absence of tryptophan. Although the infectivity of the CTD parent was fully rescued from the effects of tryptophan starvation by indole, the infectivity of the isogenic CTD trpB− mutant was not rescued. These results prove that the CTD trpB− strain is both a genetic and phenotypic null mutant. 
Conclusions
The TILLING-based reverse-genetic approach used in this study can target any gene in the C. trachomatis genome. Although the isolation of a null mutant is labor-intensive, the time, cost, and effort involved is comparable to that required to generate a hybridoma producing a monoclonal antibody against a specific polypeptide. The obvious limitation of the approach is that genes essential for in vitro growth cannot be targeted for null mutations. However, genes functioning primarily in in vivo infection and survival represent logical targets. Mutation of these genes is highly desirable because it will yield novel findings about chlamydial pathogenesis and provide potential new targets for the future generation of live-attenuated vaccines. An excellent example of such genes are those encoded by the C. trachomatis cryptic plasmid; even the loss of the entire plasmid does not alter the chlamydial growth rate in vitro but has a significant attenuating phenotype in vivo (23) . Because it is unknown which genes are essential for in vitro growth, identifying a target gene as nonessential before screening a large library of organisms with a single mutation per genome would be valuable. Constructing and prescreening a smaller, heavily mutagenized library with high-density point mutations could identify such genes. Additionally, essential genes could be studied by isolation of conditional lethal mutants. For example, temperature-sensitive mutants could be isolated from a library mutagenized and constructed at temperatures below 37°C and screened for the inability to grow at 37°C. In summary, the ability to create isogenic C. trachomatis null mutants will provide important new information about chlamydial pathogenesis that will ultimately bring us closer to the development of chlamydial vaccines. Moreover, this approach could be applied to other chlamydial or bacterial species for which current methods of genetic modification are limited or impractical.
Materials and Methods
Chemical Mutagenesis. McCoy cells were infected at a multiplicity of infection of 0.5 with a plaque-cloned CTD/UW-3/CX strain. Infected cells were exposed for 1 h to EMS at concentrations between 0.2 and 7 mg/mL at 19 h postinfection. Chlamydiae were harvested 28 h after mutagenesis, and recoverable IFU were determined by titration on McCoy cells. Frequency of Rif 
The two genomes were compared with the CTD/UW-3/CX reference genomic sequence (GenBank accession no. NC_000117.1) (18). CTD and CTD trpB− are clonal derivatives of the CTD/UW-3/CX reference strain (18) . The two strains share 19 SNPs compared with CTD/ UW-3/CX. Eighteen of these 19 SNPs were also found and described previously in other CTD/UW-3/CX derivative clones (24) . Bold type indicates the single unique mutation identified between CTD and CTD trpB− [193,902-bp genomic location in trpB (ORF CT170)]. SNP location refers to the location of the mutation in the CTD/UW-3/CX reference genomic sequence; for single base-pair insertion, the location of the preceding nucleotide is given. IG, intergenic region with adjacent ORFs indicated. Asterisk indicates a stop codon.
Mutation Screen with CEL I. Target regions were PCR-amplified, heatdenatured at 94°C, and reannealed by slow cooling to promote formation of dsDNA heteroduplexes. These denatured and reannealed PCR amplicons were digested by CEL I (Transgenomic Inc.) as previously described (11, 24) . Digestion products were visualized by DNA agarose gel electrophoresis. Table S2 list the PCR and sequencing primers used for trpBA.
De Novo 454 Genome Sequencing. The genomes of the parental CTD clone and the CTD trpB− nonsense mutant clone were sequenced with the 454 FLX Titanium platform (Roche Applied Science) as previously described (24) . Assembled contigs from these strains were compared with each other and to the published CTD reference genomic sequence (18) . Confirmation of mutations were performed by PCR and capillary sequencing as previously reported (24) . Table S3 shows the primer sets used for confirming the genomic sequences. Additionally, the two repetitive genomic regions in C. trachomatis (hctB and tarP) were also PCR-amplified and capillary-sequenced for confirmation as previously described (24) . Both strains contained the intact wild-type alleles at these loci. The PCR and sequencing primers are listed in Table S4 .
Western Blot Analysis. Western blot analysis of TrpB and TrpA was performed as described previously (20, 21) . Anti-HSP-60 antibody was included in the analysis as a loading control.
Indole Rescue. The in vitro indole-rescue assays were performed as described previously (20, 21) . After indole rescue, chlamydiae-infected cells were harvested and titered on HeLa cell monolayers or analyzed by immunofluorescence after staining of fixed cells with anti-chlamydial antibody or DAPI for DNA.
